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The non-visual opsin, melanopsin, expressed in the mammalian retina, is considered a circadian photo-
pigment because it is responsible to entrain the endogenous biological clock. This photopigment is also
present in the melanophores of Xenopus laevis, where it was ﬁrst described, but its role in these cells is not
fully understood. X. laevis melanophores respond to light with melanin granule dispersion, the maximal
response being achieved at the wavelength of melanopsin maximal excitation. Pigment dispersion can
also be triggered by endothelin-3 (ET-3). Here we show that melanin translocation is greater when a blue
light pulse was applied in the presence of ET-3. In addition, we demonstrated that mRNA levels of the
melanopsins Opn4x and Opn4m exhibit temporal variation in melanophores under light/dark (LD) cycles
or constant darkness, suggesting that this variation is clock-driven. Moreover, under LD cycles the oscil-
lations of both melanopsins show a circadian proﬁle suggesting a role for these opsins in the photoen-
trainment mechanism. Blue-light pulse decreased Opn4x expression, but had no effect on Opn4m. ET-3
abolishes the circadian rhythm of expression of both opsins; in addition the hormone increases Opn4x
expression in a dose-, circadian time- and light-dependent way. ET-3 also increases the expression of
its own receptor, in a dose-dependent manner. The variation of melanopsin levels may represent an
adaptive mechanism to ensure greater melanophore sensitivity in response to environmental light con-
ditions with ideal magnitude in terms of melanin granule dispersion, and consequently color change.
 2014 Elsevier Inc. All rights reserved.1. Introduction
Melanin dispersion is an easily observable characteristic of pig-
ment cells in ectothermic vertebrates, what makes them a useful
tool to study key events underlying cell-speciﬁc gene expression
and function. Melanin synthesis depends on tyrosinase, the step
limiting enzyme for melanin production (Hearing, 2011). Tran-
scription factors of the basic helix-loop-helix (bHLH) family such
as the microphtalmia (MITF) gene product control tyrosinase tran-
scription by binding to highly conserved E-box elements in the
promoter of this gene (Murre et al., 1989; Bentley et al., 1994;
Camp et al., 2003; Murisier and Beermann, 2006). Clock proteins
are members of the bHLH family able to control up to 10% of
cell/tissue transcripts through E-box elements, imposing a rhyth-
mic expression pattern on clock-controlled genes (CCGs) (Panda
et al., 2002a; Storch et al., 2002; McIntosh et al., 2010), thereforetyrosinase may be considered a CCG. It is well known that these
proteins drive circadian rhythm of several physiological and
behavioral processes (Reppert and Weaver, 2001, 2002), hence dis-
persion and/or production of melanin may also be one of the pro-
cesses modulated by a temporal mechanism.
Light–dark cycles are responsible to entrain endogenous oscilla-
tions, what is fundamental to guarantee the organism temporal
organization (Hastings, 1991). In mammals, light-perception by
melanopsin-positive retinal ganglion cells leads to clock gene tran-
scription modulation in the central biological clock, thus partici-
pating in photo-entrainment (Panda et al., 2002b, 2003). Since
the discovery of melanopsin in cultured Xenopus laevis dermal mel-
anophores and mouse retina (Provencio et al., 1998, 2002) related
sequences have been identiﬁed (Bellingham et al., 2002). Non-
mammalian vertebrates have two melanopsins, the orthologue of
mammalian melanopsin, Opn4m, and the orthologue of the mela-
nopsin initially cloned from X. laevis, Opn4x (Bellingham et al.,
2006). X. laevis melanophores respond to white light with pigment
granule dispersion, with maximal responses at wavelengths
between 450 and 470 nm, same range of melanopsin excitation
(Isoldi et al., 2005).
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mammals and non-mammalian vertebrates (Fujii, 2000). ETs are
known to play important roles in cardiovascular regulation, cell
proliferation (Kedzierski and Yanagisawa, 2001), and in differenti-
ation and regulation of pigment cells (Filadelﬁ et al., 2004;
Ramanzini et al., 2006; Braasch et al., 2009). There are 3 isoforms
of ETs (Bloch et al., 1989; Yanagisawa and Masaki, 1989). Remark-
ably, ET-1 induces circadian rhythmicity in rat-1 cells (Yagita et al.,
2001; Nakahata et al., 2006), mouse ﬁbroblasts (Yagita et al., 2001)
and zebraﬁsh ZEM-2S cell line (Farhat et al., 2009). In mammals,
two receptor subtypes, ETA and ETB, have been found (Arai et al.,
1990; Sakurai et al., 1990; Davenport, 2002), and a third subtype
(ETc) was cloned from amphibian (X. laevis) melanophores (Karne
et al., 1993).
X. laevis dermal embryonic melanophores possess two mela-
nopsins, one or both of which could be the photoreceptor mole-
cule, responsible for light perception. Upon activation by light,
this opsin triggers mechanisms of pigment granule dispersion
throughout the cytoplasm (Isoldi et al., 2005).
Since white light and ET-3 induce melanin dispersion in X. laevis
melanophores (Karne et al., 1993; Isoldi et al., 2005), we decided to
use this process to better understand if light and ET-3 can lead to
photo-entrainment through melanopsin-mediated mechanisms of
gene expression. As a ﬁrst step, we determined whether blue-light
causes melanin granule dispersion as previously seen with white
light and how ET-3 affects this response. Then, we determined
the temporal pattern of ETc receptor and melanopsin gene expres-
sion in dermal melanophores of X. laevis in culture as well as their
modulation by endothelin-3 and light–dark cycles.2. Material and methods
2.1. Cell culture
X. laevis melanophores (kindly donated by Prof. Mark Rollag,
Uniformed Services University of the Health Sciences, USA) were
kept in 60% L-15 medium, supplemented with 480 mg/L galactose,
5 mg/L insulin/transferrin/selenium, 4 mg/L uridine, 87.6 mg/L
L-glutamine, 25 mg/L L-asparagine, 152 mg/L CaCl2, 49.6 mg/L
MgCl2, 51.7 mg/L MgSO4, 0.4 MEM non-essential amino acids
solution, 0.2 MEM amino acid solution, 0.3 MEM vitamin solu-
tion, 1% HT supplement, 1% antibiotic/antimycotic solution
(10,000 U/mL penicillin/10,000 lg/mL streptomycin/25 lg/mL
amphotericin), and 10% non-inactivated fetal calf serum (all from
Life Technologies, Carlsbad, CA, USA), pH 7.5, at 25 C.
For the experimental protocols the serum concentration was
reduced to 2% and retinaldehyde (Sigma, St. Louis, MO, USA) was
added to the cultures to a ﬁnal concentration of 10-7 M. The addi-
tion of retinaldehyde has been shown to be required to maintain
the melanophore photosensitivity (Rollag and Lynch, 1993).2.2. Pigment dispersion assay
X. laevis melanophores were plated (5  104 cells/well in a 96-
well plate), kept in constant dark (DD) for 24 h and then divided
into ﬁve groups: (1) cells in DD; (2) cells stimulated with white
light (87.85 lwatts/cm2, Ecolume full-spectrum, white light bulb,
model YZ8W, São Paulo, Brazil) for 10 min; (3) cells stimulated
with LED blue-light (87.85–95.17 lwatts/cm2, 450–475 nm,
Golden plus, São Paulo, Brazil) for 10 min; (4) cells treated with
10-8 or 10-9 M ET-3 during 1, 2 or 6 h; (5) cells treated with 10-8 M
ET-3 for 1 h and stimulated with blue light for 10 min at the
beginning of the hormone treatment.
The melanosome dispersion was quantiﬁed by absolute absor-
bance at 530 nm in a plate reader (SpectraMax 250, MolecularDevices, Germany). One-way ANOVA followed by Tukey’s test
was used to determine the signiﬁcance of differences in absor-
bance among all light-stimulated groups, with and without ET-3
treatment,and the control. Differences between hormone doses
and control group, and among time points were determined by
two-way ANOVA followed by Bonferroni’s test.
2.3. Temporal expression of Opn4x, Opn4m, and endothelin receptor
subtype ETC
X. laevis melanophores were plated (2  106 cells/25cm2 ﬂask)
and maintained in DD or light–dark cycle (LD 12:12, lights on at
8:00 h, and lights off at 20:00 h) for 7 days. At 8:00 h of the sixth
day, the culture ﬂasks were divided into: (1) control cells subject
to two medium changes at 8:00 and 14:00 h; (2) hormone-treated
cells, subject to a medium change at 8:00 h, to introduce 109 or
108 M ET-3 (Calbiochem, USA), and 6 h later (at 14:00 h), to a sec-
ond medium change for hormone removal. As a negative control
for the group subject to medium changes, cells were kept com-
pletely undisturbed under DD or LD conditions. On the seventh
day (24 h after starting the treatment) total RNA was extracted
every 4 h during 24 h.
During the photophase of the light–dark cycle, light intensity
was 87.85 lwatts/cm2 (Ecolume full-spectrum, white light bulb,
model YZ8 W). Cells were handled in the dark (medium changes,
RNA extraction etc.) under red safelight (7 W Konex bulb and
Safe-Light ﬁlter GBX-2, Kodak, Rochester, NY, USA).
2.4. Blue-light stimulation (450–475 nm)
Cells were kept in DD for 3 days and then stimulated with LED
blue-light lamp (87.85–95.17 lwatts/cm2, 450–475 nm, Golden
plus, São Paulo, Brazil) for 10 min on the fourth day (at 8:00 h).
Blue light was chosen based on the literature reports that this is
the wavelength that maximally stimulates melanopsin (Isoldi
et al., 2005; Moraes et al., 2014). Total RNA was extracted 1, 2, 6
and 12 h after light stimulation, simultaneously with control group
(maintained in DD, not stimulated, throughout the experiment).
2.5. Total RNA extraction and reverse transcriptase-polymerase chain
reaction (RT-PCR)
TRIzol Reagent (Life Technologies, Carlsbad, CA, USA) was used
to extract total RNA, the pellet was resuspended in DEPC water and
treated with DNase (turbo-DNA-FreeTM, Life Technologies, Carls-
bad, CA, USA) to eliminate DNA contamination. The whole proce-
dure followed the manufacturer’s instructions. The RNA
concentration and quality were assessed using a spectrophotome-
ter (Nanodrop, Willmington, DE, USA), and 1 lg of RNA was reverse
transcribed (SuperScript III Reverse Transcriptase, Life Technolo-
gies, Carlsbad, CA, USA) with random primers. RT-PCR reactions
were performed in a thermocycler (Ependorff, Hauppauge, NY,
USA), with the following protocol: 65 C for 5 min, chill on ice for
1 min, then, after the enzyme addition, 25 C for 5 min, 50 C for
50 min, and 70 C for 15 min.
2.6. Quantitative PCR (qPCR)
The products of RT-PCR were submitted to quantitative PCR
reactions in 96-well plates using a pair of primers and a probe spe-
ciﬁc for the species based on sequences obtained from GenBank
(http://www.ncbi.nlm.nih.gov/PubMed), designed using the Pri-
mer Express program (Life Technologies, Carlsbad, CA, USA), and
synthesized by IDT (Coralville, IA, USA). 18S ribosomal RNA was
used to normalize the values of the genes of interest, as widely
used (Goidin et al., 2001; Schmid et al., 2003; Aerts et al., 2004;
Table 1
Xenopus laevis primers and probes used for qPCR assays.
18S RNA Forward: 50-CGGCTACCACATCCAAGGAA-30
Backward: 50-GCTGGAATTACCGCGGCT-30
Probe: 50-5-TexRd-
TGCTGGCACCAGACTTGCCCTC-BHQ_2–30
Opn4x access number
NM_00108564.1
Forward: 50-TCTTGGAAT
TTAAGGAGGAAAAGTG-30
Backward: 50-TGCTGCCTGCTGATTATGTGA-30
Probe: 50-6-FAM-
AATGTGGAGCTTGGCACCATTACTTGGC-
BHQ_1–30
Opn4m access number
DQ_384639.1
Forward: 50-AGGGCAGTCCTAATCCTTTCAGGT-
30
Backward: 50-
AATCCCAGGTGCAGGATGTCAGAA-30
ETc access number
L_20299.1
Forward: 50-TGCTAAGACTGTGTTCTGCCTGGT-
30
Backward: 50-
GCATGCTCGTTTGACTGTTGCAGA-30
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does not vary among time points under the various experimental
conditions. The efﬁciencies of all primers/probe were higher than
80%.
The assay for Opn4m and ETc receptor was prepared with prim-
ers (300 nM for Opn4m and ETc receptor, and 50 nM for 18S RNA,
Table 1), iQ™ SYBR Green Supermix 2 (Bio-Rad Laboratories,
Hercules, CA, USA) or SYBR Green qPCR Supermix for iCycler
2 (Life Technologies, CA, USA) and DNase RNase-free water (Life
Technologies, Carlsbad, CA, USA) in separate solutions. The solu-
tions already with cDNA were then distributed in duplicates
(23 lL/well) in the experimental wells of the plate.
For quantitative PCR using the multiplex protocol for simulta-
neous analysis of Opn4x, and 18S RNA, the solutions contained
primers (300 nM for Opn4x, and 50 nM for 18S RNA, Table 1),
probes (200 nM for Opn4x, and 50 nM for RNA 18S, Table 1), Super-
mix 2 (Bio-Rad Laboratories, Hercules, CA, USA, or Life Technolo-
gies, Carlsbad, CA, USA), supplemented to ﬁnal concentrations ofFig. 1. Blue light and ET-3 disperse melanin granule in X. laevis melanophores. Photomic
light, (C) stimulated with blue-light pulse, (D) treated with 108 M ET-3, stimulated wi
showing absolute absorbance measured at 530 nm: (F) 1 h after light pulse and/or endoth
respectively, ANOVA one-way followed by Tukey’s test); (G) ET-3 treatment for 1, 2, and400 lM dNTPs, 6 mMMgCl2, and 0.1 U/lL Platinum Taq DNA poly-
merase (Life Technologies, São Paulo, SP, Brazil). The solutions con-
taining cDNA were then distributed in triplicates (28 lL/well)
among the experimental wells of the plate.
Reactions were carried out in the iCycler or i5 thermocycler
(Bio-Rad Laboratories, Hercules, CA, USA), according to the follow-
ing conditions: for SYBR Green assays, 2 min at 50 C, 8.5 min at
95 C, followed by 45 cycles of 15 s at 95 C, 1 min at 60 C,
1 min at 95 C, 1 min at 55 C and 80 cycles of 10 s at 55 C with
a gradual rise of 0.5 C; for multiplex assays, 1 cycle of 7 min at
95 C followed by 45 cycles of 30 s at 95 C and 30 s at 55 C.
2.7. Data analysis
The data were analyzed using the DDCT method (Livak and
Schmittgen, 2001). The so-called threshold line passes through
the geometric portions of the ampliﬁcation curves and the number
of cycles where it crosses the curves is called CT; the DCT is
obtained as the difference between the CTs for 18S RNA at each
time point (corresponding to the average of wells with the same
cDNA) and the CT for a speciﬁc gene from the same cDNA as 18S.
The DDCT was obtained by subtracting the lowest mRNA average
obtained from DD undisturbed cells from each DCT. This value
was used as a negative exponential of base 2 (2DDCT). Data were
obtained from at least two ﬂasks of cells, from two different exper-
iments. At the end, the log values were averaged and plotted rela-
tive to the lowest value expression of DD undisturbed cells.
To determine the levels of signiﬁcance of the differences
between hormone-treated groups and control groups at each time
point, and between control and light-stimulated groups the loga-
rithmic data were compared by two-way ANOVA followed by Bon-
ferroni’s test (signiﬁcant at p < 0.05).
3. Results
As previously reported by our group and others, white light dis-
perses melanin granule in Xenopus melanophores ( Rollag et al.,
2000; Isoldi et al., 2005, Fig. 1A and B). Similar response was
evoked by a blue-light pulse (Fig. 1C), 108 M ET-3 plus blue lightrographies of representative cultures (A) kept under DD, (B) stimulated with white
th blue-light pulse and (E) treated with 108 M ET-3. (F) and (G) graphs (n = 8–15)
elin treatment (b is different from control, p < 0.05 and c is different from d, p < 0.05,
6 h (b is different from a, p < 0.05, ANOVA two-way followed by Bonferroni’s test).
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increased after white or blue-light pulse, 108 M ET-3 or 108 M
ET-3 plus blue light pulse, which showed the greatest response
(Fig. 1F). ET-3 at both concentrations 108 and 109 M promoted
pigment dispersion after 1 h treatment; the darkening response
to the highest concentration lasted 6 h, whereas the response to
the lower dose lasted only 2 h (Fig. 1G).
Data from time-course gene expression were shown at clock
time, beginning at 8:00 h of the 7th day. In DD, in undisturbed cells
or after medium changes, the highest levels of Opn4x mRNA were
observed at 16:00 h. However, after medium changes the ampli-
tude of Opn4x expression was around 10 times higher than in
undisturbed cells (Fig. 2A and B). In LD, after medium changes or
not, the expression of Opn4x was higher throughout the photo-
phase of LD cycles, and the overall levels of mRNA were much
higher at LD after medium changes compared to DD after medium
change or to undisturbed cells (Fig. 2A and B). Most importantly, inFig. 2. Opn4x expression under DD or LD cycle, and treated with ET-3. For Figs. 2
thru 4, cells were kept for 6 days in the following protocols: (A) DD or LD,
undisturbed cells; (B) DD or LD and subject to a medium change on the 6th day; (C)
treated with 109 M ET-3 for 6 h on the 6th day in DD or (D) LD; (E) treated with
108 M for 6 h in DD or (F) LD. The treatment (endothelin or medium change) began
at 8:00 h and after 6 h a second medium change was performed. Data are presented
as the mean (n = 4–12 ﬂasks) ± SEM of Opn4x transcript normalized by 18S RNA
transcript and expressed relative to the minimal value in DD. Letter a means
statistically different from b, and letter c different from d (p < 0.05, One-way ANOVA
followed by Tukey’s test). Asterisk means statistically different from DD conditions
or treatment (p < 0.05 Two-way ANOVA followed by Bonferroni’s test).LD condition with or without medium changes, the temporal var-
iation showed a circadian proﬁle (Fig. 2A and B).
In DD, 109 M ET-3 increased Opn4x levels at 12:00 h and kept
the mRNA levels high at 16:00 h suggesting a circadian pattern
(Fig. 2C). In LD, however, the hormone abolished the circadian pro-
ﬁle of Opn4x expression (Fig. 2D). Higher concentration of ET-3
(108 M) affected the temporal expression of Opn4x observed in
DD: at 16:00 h ET-3 reduced the expression while induced a
remarkable increase at 4:00 h (Fig. 2E). In LD, ET-3 at this dose
completely changed the proﬁle of Opn4x expression observed in
the absence of the hormone: there was a remarkable increase of
expression at 16:00 h, followed by an abrupt decrease at 20 h. In
addition, the time course expression of Opn4x,which was circadian
in the absence of the hormone, showed in the presence of 108 M
ET-3 a remarkable increase, with mRNA levels gradually scaling up
from 8:00 to 16:00 h, and again from 20:00 to 4:00 h, the highest
level found at 16:00 h (Fig. 2F).
Although Opn4m expression showed temporal variation in DD
condition with or without medium changes (Fig. 3A and B), only
in LD with medium changes this opsin displayed a circadian proﬁle
(Fig. 3B). Opn4m expression was constant in undisturbed cells
under LD (Fig. 3A), while in LD with medium changes high levels
were seen during the photophase (Fig. 3B). Similar to Opn4x inFig. 3. Opn4m expression under DD or LD cycle, and treated with ET-3. Data are
presented as the mean (n = 4–12 ﬂasks) ± SEM of Opn4m transcript normalized by
18S RNA transcript and expressed relative to the minimal value in DD. Letter a
means statistically different from b (p < 0.05, One-way ANOVA followed by Tukey’s
test). Asterisk means statistically different from DD conditions or treatment
(p < 0.05 Two-way ANOVA followed by Bonferroni’s test).
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expression of Opn4m. In DD, ET-3 at 109 (Fig. 3C) and 108 M
(Fig. 3E) shifted the Opn4m peak expression to 24:00 and 4:00 h,
respectively. In LD the temporal variation seen in the control was
abolished with both doses of ET-3 treatment (Fig. 3D and F).
ETc expression, in both DD and LD conditions, showed no tem-
poral variation in undisturbed cells (Fig. 4A). In LD with medium
changes, higher mRNA levels were observed at 4:00 h as compared
to all other time points and to DD with medium changes (Fig. 4B).
In DD, 109 M ET-3 remarkably increased the temporal values of
ETc expression: higher mRNA levels were observed at 12:00 and
16:00 h compared to all other analyzed time points and compared
to DD condition in undisturbed cells (Fig. 4C). Although temporal
variation was not observed after 109 M ET-3 treatment in LD after
medium change, this dose dramatically increased ETc mRNA levels
compared with control group (Fig. 4D). In DD, the hormone at
108 M did not affect ETc expression (Fig. 4E). Contrary to what
was seen in DD, in LD, 108 M ET-3 treatment altered ETc expres-
sion, higher mRNA levels were seen at 16:00 h, and an evident cir-
cadian proﬁle with higher expression during the photo-phase was
established (Fig. 4F).
Although LD cycles induced rhythmic expression of Opn4x and
Opn4m; this was not the case for ETc expression, thus we did notFig. 4. ETc receptor expression shows rhythm in response to 108 M ET-3. Data are
presented as the mean (n = 4–12 ﬂasks) ± SEM of ETc transcript normalized by 18S
RNA transcript and expressed relative to the minimal value in DD. Letter a means
statistically different from b (p < 0.05, One-way ANOVA followed by Tukey’s test).
Asterisk means statistically different from DD conditions or treatment (p < 0.05,
Two-way ANOVA followed by Bonferroni’s test).analyze the response of the receptor expression to blue-light pulse.
Blue-light pulse decreased Opn4x expression 1, 2, 6 and 12 h after
the stimulus (Fig. 5A), but it did not affect Opn4m mRNA values
(Fig. 5B).4. Discussion
Many biological rhythms are associated with light–dark cycles,
of major relevance for those species possessing some type of pho-
tosensitive pigment. X. laevis melanophores respond to light with
dispersion of the pigment granules, with maximal responses at
wavelengths between 450 and 470 nm (Isoldi et al., 2005), in
which melanopsins are maximally excited (Berson et al., 2002).
In fact, we conﬁrmed that dispersion of melanin granules was
induced by this short-wavelength range. Because Opn4x is sensi-
tive to blue-light pulse, melanopsins are the best candidate to
translate light stimulus in Xenopus; however, as both melanopsins
behave differently in face of this stimulus, one of them translating
the blue-light stimulus, this needs to be further investigated.
Evolutionary analysis of the paralogue opsins shows spectral
divergence at sites likely to be involved in the melanopsin-light
absorbance (Borges et al., 2012), what favors differential roles for
opsins’ selective response to light. In addition, these results may be
interpreted as a physiological decreaseof photopigments in response
to increased light exposure (Organisciak and Vaughan, 2010).
Here we demonstrated that both ET-3 and a blue-light pulse
disperse melanin granules, and when applied together, the dispers-
ing response was higher, but not the sum of the two responses. In
Brachydanio rerio (now Danio rerio, Fujii, 1993) and Synbranchus
marmoratus (Ramanzini et al., 2006) melanophores, endothelin-1
promotes pigment aggregation, in a dose-dependent manner,
through the PKC/Ca2+ signaling pathway. And this is also true in
amphibians, although the activation of the ET receptor evokes
the opposite granule translocation. As melanopsins are known to
mediate light response in Xenopus melanophores through the
PKC/Ca2+ pathway (Isoldi et al., 2005), ET-3 may well be acting
through the same intracellular cascade as light to modulate its
receptor and opsin expressions.
It is worth to mention that the mRNA levels of melanopsins
were measured 24 h after the beginning of a 6 h-ET-3 treatment,
so these results may be interpreted as a consequence of ET-3 on
the circadian controlling mechanism rather than a direct immedi-
ate effect on the expression of these genes. We have previously
shown that when D. rerio ZEM-2S embryonic cells were placed in
LD 12:12, a robust circadian rhythm is displayed by Per1 and Cry1b,Fig. 5. Quantitative PCR for (A) Opn4x and (B) Opn4m in melanophores of Xenopus
laevis kept in DD and stimulated with blue light (87.85–95.17 lwatts/cm2, 450–
475 nm) for 10 min. The cells were stimulated at 8:00 h on the fourth day. Data are
presented as the mean (n = 5–9 ﬂasks) ± SEM of gene transcripts normalized by 18S
RNA transcript and expressed relative to the smallest control (DD) value. Asterisk
means statistically different from the respective control (p < 0.05, Two-way ANOVA
followed by Bonferroni’s test).
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synchronization of clock genes (Farhat et al., 2009). In the same
study, endothelin was shown to exhibit a biphasic effect on these
cells: At low concentrations (1010 and 1011 M) the hormone elic-
ited a strong up-regulation of Opn4x, whereas at higher concentra-
tions (108 and 109 M) it promoted an inhibition of Opn4x
expression in the majority of the ZTs. In addition, 1011 M endothe-
lin induced a circadian pattern of Opn4x expression (Farhat et al.,
2009). Both Opn4x and Opn4m showed a clear temporal oscillation
of expression in Xenopus melanophores exposed to medium
changes in LD. A robust circadian rhythm of Opn4x expression
was also seen in undisturbed cells kept in LD. Thus light–dark cycle
exposure was crucial to induce temporal oscillation in this model.
The temporal expression of Opn4x showing a circadian proﬁle
when melanophores were under LD suggests that LD cycles may
act as a clue for cell synchronization. Similar proﬁle of temporal
expression changes are observed in other models that respond
directly to light. In D. rerio, Opn4m expression varies along 24 h
in LD cycles (Matos-Cruz et al., 2011) and the body cells can be
directly synchronized by light (Carr and Whitmore, 2005; Tamai
et al., 2007; Farhat et al., 2009). Importantly, in Gallus retina,
Opn4m displays a circadian rhythm of expression along with Clock
expression (Lima et al., 2011). In pigmented rats, retina Opn4m
mRNA and protein levels oscillate (Hannibal et al., 2013), and in
albino hamster Opn4m protein, but not the gene, expression is
drastically reduced after 24 h-light exposure (Menaker and Cast-
rucci, personal communication). In addition, in rodents, it has been
shown that mRNA levels of Opn4m display diurnal changes that are
higher in the transition from day to night (Sakamoto et al., 2004;
Hannibal et al., 2005, 2013). As we have previously reported that
LD cycles lead to temporal oscillation of clock genes in Xenopus
melanophores (Moraes et al., 2014), we believe that the opsin tem-
poral oscillation in these cells may be a consequence of the molec-
ular machinery of the biological clock, as a clock-controlled gene,
and not a direct response to light.
For Opn4m gene to display a temporal change in expression, the
melanophores required, besides the LD cycle, medium changes,
suggesting that in addition to light–dark cycle, other cues are nec-
essary to synchronize the cells. Photo-entrainment of circadian
rhythm requires the detection of overall changes in ambient light.
Once the light-sensitive organ is adjusted by the biological clock, it
might be better prepared to respond to environmental clues.
From the mammalian retina, light information must be trans-
lated to circadian peripheral clocks to promote photo-entrainment.
In vivo, a number of neuro-humoral factors have been proposed as
synchronizing clues for peripheral clocks (Balsalobre et al., 1998,
2000; Akashi and Nishida, 2000; Yagita and Okamura, 2000;
Yagita et al., 2001).When cells are kept in culture, theymay become
desynchronized, and the expression of some genes in individual
cells will exhibit different phases and amplitudes, implying a
null-resultant of the entire cell population (Welsh et al., 1995,
2004). In vitro, several stimuli have been well established as syn-
chronizers of cell population, such as serum shock (Balsalobre
et al., 1998), medium change (Yamazaki et al., 2000), phorbol esters
(TPA) (Akashi and Nishida, 2000), and glucocorticoids (Balsalobre
et al., 2000). In our model, medium changes make the temporal
oscillations of both melanopsin expressions stronger than what
was seen in the undisturbed cells indicating that in culture, these
cells require a humoral stimulus to promote synchronization.
ET-3 (109 M) in LD abolished the temporal Opn4x expression,
but it did not affect Opn4m, in melanophores, that is, in the pres-
ence or absence of the hormone, Opn4m expression was circadian.
In DD, however, the same dose shifted the peak of Opn4m from
16:00 to 24:00 h, whereas it increased Opn4x expression at 12
and 16 h, which now exhibits a circadian proﬁle. The higher dose
(108 M) also shifted the peak of Opn4m from 16 to 4 h in DD,but also induced a biphasic effect on Opn4x expression. ETc recep-
tor expression was not affected by LD or DD and LD with medium
changes. ET-3 at 108 M did not alter ETc expression in DD, but
evoked a circadian rhythm in LD condition.
If in one hand, LD cycles with or without medium changes does
not affect ETc expression in melanophores, ET-3 at 109M remark-
ably increased its expression in both DD and LD conditions, which
seems to sensitize the cells to respond to the hormone, allowing
the abolishment of LD-induced temporal oscillation of both mela-
nopsins. This effect of ET-3 on its receptors is further reinforced
when the proﬁles of Opn4x and ETc expressions are compared.
After 108 M ET-3 treatment of cells under LD condition, both
genes displayed a circadian proﬁle of expression. Therefore, while
the effects of ET-3 on opsin expression required melanophore syn-
chronization by LD, for the effect on the ETc receptors this seems
not to be necessary.
It is well known that ETs exert a dose-dependent desensitiza-
tion at high concentrations in non-mammalian pigment cells such
as Zacco temmincki (Hayashi et al., 1996) and S. marmoratus
(Ramanzini et al., 2006). Activation of Xenopus melanophores with
high concentrations of ET-3 has also been reported to desensitize
the cells in time- and concentration-dependent manner (Karne
et al., 1993). This phenomenon is only seen here in melanophores
kept in DD, what brings up the notion that the dose effect may also
be related to the light condition.
The variation in the melanophore ETc expression after ET-3
treatment under LD regime is also observed in DD, suggesting a
high sensitivity of this gene to external perturbations. In fact, other
groups have found that a single medium change is enough for clock
gene synchronization in peripheral tissues (Balsalobre et al., 1998;
Yamazaki et al., 2000; Hastings et al., 2003). This ability to dynam-
ically respond to external factors may be important for cell prolif-
eration, since in mammals, ET has been shown to stimulate growth
in various cell types (Bloch et al., 1989; Li et al., 2012). In mamma-
lian skin, ETs are produced in keratinocytes, exerting their effects
on the neighboring melanocytes (Imokawa et al., 1986), and the
hormone production is increased after UVB exposure (Imokawa
et al., 1992). ET-1 increases the transcription of melanocortin
receptor type 1 (MC1R) in human melanocytes, in a dose-depen-
dent manner (Scott et al., 2002), as well as the activity and the
transcription of tyrosinase (Imokawa et al., 1995). Similarly, in X.
laevismelanophores ET-3 drastically increases Opn4x and ETc tran-
scription in LD condition.
In Xenopus melanophores, besides promoting pigment disper-
sion (Karne et al., 1993) light is an important regulatory factor of
gene expression by itself or in addition to ET effects. This role of
light compared to the hormonal effects may be explained by the
independence of endocrine and/or nervous systems throughout
development. For example, in larval teleost ﬁsh, primary color
response resulting from pigment dispersion is directly dependent
on light stimulus (Ohta, 1983; Ohta and Muramatsu, 1988). Inter-
estingly, color change becomes gradually more dependent on neu-
ral/endocrine control, but it returns to its larval behavior if the cells
are denervated or placed in culture (Fujii, 2000), conditions in
which light dominance is restored.5. Conclusion
ET-3 modulates mRNA levels of melanopsins and endothelin
receptor in X. laevis melanophores, in a dose- and light-regime
dependent manner. Depending upon the concentration and the
time-of-the-day, ET-3 exerts either a stimulatory or an inhibitory
effect on gene transcription.
Results from the present study clearly show that melanopsin
genes respond to light–dark cycles with oscillatory expression.
M.N.d.C.M. Moraes et al. / General and Comparative Endocrinology 205 (2014) 279–286 285Thus, in our model, the LD cycles are crucial to bring the cells to a
phase-synchronization. This synchronization is reﬂected not only
in the melanopsin but also in the clock gene expressions (Moraes
et al., 2014) suggesting a regulation of clock machinery upon mel-
anopsin expression or even that they are clock controlled genes.
ET-3 effects on melanopsin expression also seem to require a pre-
vious phase-synchronization, because they are observed in a
higher magnitude when cells are under LD cycles. In addition,
ET-3 effects on pigment translocation are higher in the presence
of blue light. This raises the importance of coupling among cells
in a population reﬂecting a functional clock machinery, which
seems to be essential for hormone action.Financial support
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